A mixed population, enriched and established in a defined medium, from a sewage sludge inoculum was capable of complete mineralization of 4-chlorobenzoate. An organism, identified as Arthrobacter sp., was isolated from the consortium and shown to be capable of utilizing 4-chlorobenzoate as the sole carbon and energy source in pure culture. This organism (strain TM-1), dehalogenated 4-chlorobenzoate as the initial step in the degradative pathway. The product, 4-hydroxybenzoate, was further metabolized via protocatechuate. The ability of strain TM-1 to degrade 4-chlorobenzoate in liquid medium at 25°C was improved by the use of continuous culture and repeated sequential subculturing. Other chlorinated benzoates and the parent compound benzoate did not support growth of strain TM-I. An active cell extract was prepared and shown to dehalogenate 4-chloro-, 4-fluoro-, and 4-bromobenzoate. Dehalogenase activity had an optimum pH of 6.8 and an optimum temperature of 20°C and was inhibited by dissolved oxygen and stimulated by manganese (Mn2+). Strain improvement resulted in an increase in the specific activity of the cell extract from 0.09 to 0.85 nmol of 4-hydroxybenzoate per min per mg of protein and a decrease in the doubling time of the organism from 50 to 1.6 h.
Halogenated aromatic compounds are widely distributed in the environment, and many of these compounds are resistant to microbial degradation (8) . Halogenated benzoic acids have been used as models to study the biodegradation of these compounds. Halobenzoates themselves occur in the environment due to their use as herbicides (e.g., 2,3,6-trichlorobenzoic acid) and as partial degradation products of other xenobiotic compounds, such as polychlorinated biphenyls (4).
Reports on the biodegradation of monohalogenated benzoates, especially those that are meta substituted, have been published previously. The majority of organisms capable of growth on halobenzoates metabolize these compounds via the corresponding halocatechols, and dehalogenation occurs after ring cleavage (2) . With one exception (9) , all organisms that have been isolated by aerobic enrichment on 3-chlorobenzoate (3-CBA) appear to degrade this compound via chlorocatechol, utilizing the enzymes responsible for benzoate metabolism. Microorganisms have also been reported which degrade 4-CBA via 4-chlorocatechol after the transfer of genetic material between organisms capable of the biodegradation of other aromatic compounds (15) . Recently, another aerobic pathway of 4-CBA degradation has been reported, in which the initial degradative step is dehalogenation (13) to yield 4-hydroxybenzoate (4-HBA), which is subsequently metabolized.
In the present investigation, a mixed population was established which was able to utilize 4-CBA as the sole carbon source. One organism separated from this consortium was capable of independent growth on 4-CBA. The degradation of 4-CBA was by initial dehalogenation and subsequent ring cleavage. The degradative ability of this organism was substantially increased by strain improvement through continuous culture and by repeated batchwise subculture in fermenters and shake flasks. The For quantitative analysis, samples were also separated by reverse-phase high-pressure liquid chromatography with a ,uBondapak C18 column (300 by 3.9 mm; Waters Associates, Cheshire, United Kingdom). The mobile phase was methanol-water-acetic acid (ratio by volume, 60:40:1), flow rate was 1.5 ml/min, and detection was by UV absorbance at 254 nm.
Preparation of cell extracts. Cell extracts were prepared by several methods.
(i) Freeze pressing. Frozen cell paste (12 g ) was mixed at 4°C with 3 ml of 50 mM potassium phosphate buffer containing 5 mM dithiothreitol (pH 7.0), that had been previously purged with nitrogen. The suspension was subjected to six passages through a pre-chilled X-Press (Life Science Laboratories Ltd., Luton, United Kingdom). The resulting broken-cell suspension was diluted with an equal volume of buffer.
(ii) Glass bead homogenization. Frozen cell paste (10 g) was suspended at 4°C in 15 ml of 50 mM potassium phosphate buffer containing 5 mM dithiothreitol (pH 7.0) that had been previously purged with nitrogen. The cell suspension was agitated with glass beads (diameter, 0.25 to 0.30 mm) for 2 min in a Bead Beater (Life Science Laboratories). Glass beads were removed on a sintered glass funnel.
(iii) Sonication. Frozen cell paste (3 g ) was suspended at 4°C in 10 ml of 50 mM potassium phosphate buffer containing 5 mM dithiothreitol (pH 7.0) that had been previously purged with nitrogen. The suspension was subjected to ultrasonic irradiation for up to 8 min in 30-sec bursts, with an ultrasonic disintegrator (Soniprep 150; MSE) with a titanium probe of terminal diameter 1 cm, operating at 20,000 Hz and 5 A.
(iv) Lysozyme. Frozen cell paste (2 g ) was suspended at 4°C in 10 ml of 50 mM potassium phosphate buffer containing 1 mM EDTA (pH 7.0). The pH was adjusted to 10 with NaOH (0.5 M), and the suspension was left for 60 min at room temperature. The pH was then adjusted to pH 7 with HCl (0.5 M) before lysozyme (10 mg/ml; BDH, Poole, United Kingdom) was added.
In all methods of disruption, DNase (type 1; BDH) was added to the cell homogenates (10 ,ug of nuclease per g of cell paste) before centrifugation at 40,000 x g at 4°C for 30 min. The resulting cell extract supernatants were taken for assay.
Dehalogenase assay. The cell-free dehalogenase activity was routinely assayed in 50 mM potassium phosphate buffer containing 5 mM dithiothreitol and 1 mM 4-CBA (pH 7.0). Buffer (2 ml) and sample (0.5 ml) were de-aerated by evacuation and flushed with nitrogen three times in Thunberg tubes before mixing. After incubation at 25°C for 30 to 200 min, the reaction was terminated by the addition of 10 ml of 0.5 M HCI. The reaction mixture was twice extracted with equal volumes of diethyl ether (May & Baker Ltd.). The ether phases were combined and evaporated to dryness in a stream of air. The dried extract was redissolved in 2.5 ml methanol-water-acetic acid (ratio by volume, 60:40:1), and a 20-,u sample was subjected to reverse-phase high-pressure liquid chromatography (see above). The peak areas for 4-CBA and 4-HBA were measured by integration (model 3390A; Hewlett Packard, Winnersh, United Kingdom). The amount of 4-HBA produced was calculated using the formula: 4-HBA concentration = (4-HBA peak area x original 4-CBA concentration)/[4-HBA peak area + (4-CBA peak area x 7.35)] after considering that the extinction coefficient for 4-HBA at 254 nm equaled 13,600 M-' cm-' and was 7.35 times greater than that of 4-CBA at the same wavelength (extinction coefficient at 254 nm equaled 1,850 M-1 cm-1).
In some experiments, samples of the reaction mixture (100 RI) were analyzed for free chloride in the chloride titrator before acidification.
To achieve oxygen-free conditions in some experiments, reaction mixtures were incubated in a Clark oxygen electrode (Rank Bros. Ltd., Bottisham, Cambridge, United Kingdom) with a continuous purge of oxygen-free nitrogen (British Oxygen Company Ltd., Southampton, United Kingdom) which had been bubbled through freshly prepared alkaline pyrogallol (10% [wt/vol] in 1 M NaOH) by the method of Bird and Cain (1) . Some reaction mixtures were also incubated under oxygen-saturated conditions in the oxygen electrode for comparative purposes. 4 -HBA 3-monooxygenase assay. 4-HBA 3-monooxygenase (EC 1.14.13.2) was assayed by following the decrease in absorbance at 340 nm due to the substrate-dependent oxidation of NADPH at 25°C. The assay system (3 ml) contained 90 mM potassium phosphate buffer (pH 7.0), 0.17 mM NADPH, 0.08 mM flavin adenine dinucleotide, and 0.1 ml of enzyme. The reaction was initiated by the addition of 4-HBA to a final concentration of 0.08 mM. The reference cuvette contained buffer.
Enzyme activity was also measured by following oxygen uptake at 25°C in the oxygen electrode. The assay system was as described above. In some experiments, Tiron (4,5-dihydroxy-1,3-benzene disulphonic acid; 5 mM) was added to inhibit the protocatechuate dioxygenase (see below). The accumulated protocatechuate was quantitatively assayed by reverse-phase high-pressure liquid chromatography (see above).
Protocatechuate dioxygenase assay. Protocatechuate dioxygenase (EC 1.13.11.-) was assayed at 25°C in the oxygen electrode. The reaction system (3 ml) contained 100 mM potassium phosphate buffer (pH 7.0) and 0.1 ml of enzyme. The reaction was initiated by the addition of protocatechuate (2.5 Cells of strain TM-1 freshly isolated from the consortium and inoculated into 2.5 mM 4-CBA-mineral salts medium grew slowly after a lag period of 75 h. Growth, monitored by measuring the increase in culture turbidity, was accompanied by 4-CBA disappearance and concomitant, equimolar chloride release. td of the organism in the exponential phase in this culture was initially ca. 50 h. After growth had ceased, the culture medium was supplemented with 4-CBA at regular intervals to maintain the substrate concentration at 2.5 mM over a period of 250 h. During this incubation period, td of the isolate gradually decreased to a value of ca. 20 h. This absorbance of the culture at 540 nm, began after a lag period of 18 h. The culture was then sampled at hourly intervals for the next 8 h by the withdrawal of samples (10 ml) of culture fluid. The cells were removed by centrifugation, and the supernatants were ether extracted after acidification. Preparative thin-layer chromatography of the ether extracts yielded two compounds other than 4-CBA which were subjected to further analysis.
The first compound detected in the culture supernatant was identified as 4-HBA by its melting point (221°C), UV and infrared spectra, and by chromatographic analysis. The appearance of 4-HBA in the culture supernatant at 19 h coincided with the initial decrease in 4-CBA concentration and increase in free chloride concentration.
The second compound was identified by the same techniques as protocatechuic acid (3,4-dihydroxybenzoic acid) (mp, 207°C). The appearance of protocatechuate occurred ca. 1 h after the appearance of 4-HBA. Both 4-HBA and protocatechuate were shown to disappear from the culture supernatant after further incubation.
Cell-free dehalogenase activity. Whole cells proved resistant to lysis, as assessed by viable counts and protein release, when subjected to sonication or lysozyme treatment. However, active cell extracts were prepared by either freeze pressing or glass bead homogenization. When dithiothreitol was omitted from the cell extracts and the assay buffer, a 20% loss of enzyme activity was observed.
In the presence of cell extract, 4-CBA (0.50 ,umol) was converted stoichiometrically to 4-HBA (0.48 ,umol) and chloride (0.46 ,umol) without concomitant oxygen uptake. These results represent the mean of five experiments. As the growth rate of strain TM-1 increased, the specific activity of the dehalogenase increased in proportion (Table 2) , and the incubation period was correspondingly reduced from 200 to 30 min. The rate of the reaction was constant throughout the selected incubation period.
The effect of oxygen on the reaction was investigated with extracts of strain TM-1 (td 1.6 h). When oxygen was totally excluded by continuous flushing with oxygen-free nitrogen, the dehalogenase activity observed (specific activity, 0.92 nmol of 4-HBA per min per mg of protein) was higher than in the presence of oxygen saturation (specific activity, 0.31 nmol of 4-HBA per min per mg of protein). There was no evidence of 4-HBA metabolism in the oxygen-saturated incubations unless NADPH was added.
The specific activities of the cell extracts prepared by either method were similar and increased as td decreased. The initial specific activity obtained was 0.09 nmol of 4-HBA per min per mg of protein when td of the organism was 20 h. When td decreased to 12 h, the specific activity of the cellfree activity was 0.14 nmol of 4-HBA per min per mg of protein. Currently the specific activity of the cell extract is 0.85 nmol of 4-HBA per min per mg of protein for cells with td of 1.6 h. The apparent Michaelis constant of the enzyme system in the cell extract derived from strain TM-1 (td 12 h) was 30 ,uM for 4-CBA (Fig. 2) .
Initially, dehalogenase activity of strain TM-1 (td 20 h) in cell-free preparations was unstable, with overnight storage at 4°C resulting in ca. 90% loss of activity. The storage of cell extracts under nitrogen did not prevent this loss of activity. However, with the cell extracts from strain TM-1 (td 1.6 h), only a 20% loss of activity was observed under similar conditions. No loss of activity was observed when the cell extract was stored at -20°C overnight.
The addition of manganese (Mn2+; 1 mM) stimulated activity in the cell-free supernatant by 50%, whereas the addition of Ca2, Co2, Cu2, Fe2, Mg2, or Zn2+ when added at the same concentration, had no effect on activity. The addition of EDTA (1 mM) resulted in a 70% loss of activity. The addition of NADH or NADPH (2.5 mM) did not stimulate activity.
The effect of temperature on the activity was investigated over the range of 4 to 37°C, and maximal activity was observed at 20°C. The pH dependence of the reaction was investigated with 50 mM potassium phosphate buffers for assays in the pH range of 6.0 to 8.0, and the optimum pH for activity was found to be 6.8.
The cell extract prepared from strain TM-1 (td = 12 h) was also tested for its ability to dehalogenate other halogenated hydrocarbons (Table 1) . It should be noted that although 4- fluorobenzoate was dehalogenated, the compound could not support growth of strain TM-1 (td = 12 h); also, benzoate was not metabolized by either whole cells or cell extracts. An organism identified as Arthrobacter sp. has been shown to utilize 4-CBA as the sole carbon source. The data are consistent with a pathway that proceeds via 4-HBA and protocatechuate. The nature and order of appearance of metabolites during growth and the stoichiometric accumulation of 4-HBA and chloride upon dissimilation of 4-CBA in a cell-free system indicate dehalogenation of the aromatic ring as the first step in the biodegradative pathway (Fig. 3) . This is the same pathway of 4-CBA degradation as has been reported in an Arthrobacter sp. (16), a Nocardia sp. (12) , and Pseudomonas sp. strain CBS 3 (13) . A similar pathway has been reported for the degradation of 3-CBA via 3-HBA by a pseudomonad (9) . Thus, a further example of an organism able to dehalogenate halobenzoic acids can be cited. However, unlike previous studies, the ability of the isolated organism to degrade 4-CBA has been improved ca. 30-fold after the initial enrichment by a combination of continuous culture and repeated subculturing as demonstrated by a decrease in td from 50 h initially to a current value of 1.6 h.
The current study describes the preliminary characterization of a bacterial cell extract capable of dehalogenating 4-CBA which was prepared by either freeze pressing or glass bead homogenization. This system is apparently inhibited by the presence of oxygen in the reaction mixture. The pH optimum is 6.8, the temperature optimum is 20°C, and Mn2+ stimulates cell-free dehalogenase activity. Unlike the other cell-free aromatic dehalogenase system reported by Klages and Lingens (13), the system described in this paper is not stimulated by the addition of Fe2+. The apparent Michaelis constant of the cell-free extracts for 4-CBA is 30 ,uM. The enzyme appears to be specific for parasubstituted monohalobenzoates.
The system is inhibited by high oxygen concentrations and is not stimulated by either NADH or NADPH. Therefore, the data are not consistent with the operation of an oxygenase (7, 10, 14) . Neither do the data support a reductive dehalogenation (17) since there is neither an established requirement for a reductant, nor is the expected intermediate, benzoate, implicated in the reaction. The most likely mechanism appears to be halidohydrolysis, which has been demonstrated for the dehalogenation of haloalkanoic acids (5, 11, 18) . This would appear to be a novel pathway for the dehalogenation of the aromatic nucleus.
Rapid batchwise subculturing and prolonged culture in a chemostat resulted in the selection of a succession of mutants with faster growth rates. With the decrease in td from 50 h to 1.6 h, the specific activity has increased from 0.09 to 0.85 nmol of 4-HBA per min per mg of protein. The increases in specific activity are directly proportional to the increases in specific growth rate of the organism as determined from td in batch culture (Table 2 ). In contrast, there has been no corresponding proportionate increase in the specific activity of the 4-HBA 3-monooxygenase. From these data, it seems possible that the rate of the initial dehalogenation of 4-CBA is the limiting step for the growth on this compound, therefore, the selection of mutants with elevated dehalogenase activity would result in increased growth rates on this carbon source.
Cell extracts were shown to convert 4-CBA at ca. 5% of the rate observed for whole cells. This loss of activity on cell lysis may be due to failure to optimize the conditions necessary for maximum cell-free activity, or the breakdown of compartmentalization within the cell has exposed the enzyme to a less favorable environment for catalysis.
It is possible that the aromatic dehalogenase activity described in this study may be used for the degradation of other haloaromatic compounds if the specificity of the organism or its enzyme which dehalogenates 4-CBA can be relaxed. Therefore, the degradative ability of the organism and its enzymatic activity are being assessed further. A preliminary report on cell-free dehalogenase activity from this organism has been presented previously (T. S. Marks, A. R. W. Smith, and A. V. Quirk, 15th FEBS Symposium, 24-29 July 1983, Brussels). 
